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© Energy-Induced dual curable compositions. 



© An energy polymerizable composition comprises at least one ethylenically-unsaturated monomer, one of 
polyurethane precursors, and at least one epoxy monomer, and a curing agent comprising an organometallic 
compound, and an onium salt. 
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RELD QF THE INVENTION 

moi^ comprising „ et hy ,enica.. y - U n 5a t ura te d 
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Background Of The Invention 



™^ Passes involving 

solids formulations to reduce or eliminate , he ut n/ T^ 8 ' and indu ^ to promote high and MMr 
tal contamination. These procesles "eoi a 11^?™* and the attendant cos * andenvJron^n 
activated in a controlled fashion. Q Cate,yst or ,atent taction promoter which cT to 

S.V^?CS CSS? H ^ «~ " A " S ^ d - K-K.S. Hwang S 6 Un 
» PQlym-Piast. Techno. Eng 198?' t^aSarf .XT ^]££: 1985, 30. 647-666 c" auestein 

^HeT^afnin^ec-ullors, arfl^SnS^* ° f WwBiane parsers using dfazontm 
4,549,945, and EP 28,696, O^S^SST* " ^ kn0Wn (See U " S - Pata " Nos 4 5^ 466 
disadvantages: sensitivity to oxy^ TrSeZn 3"!! ^ *** ^ ° ne or more * he >MoZ 

30 The dual curing of acrylate/urethan* £Z ° My ' poor sol "°<'«ty, and poor potlife 

entirely photoactivaL nor TaT^J^^ZefoT « - "« 

precursors and acrylates (see U.S. Pat. 4 342 793 IS r°1, .7* s,multaneous curing of the urethane 
pages 46-55). 4 ' 342 ' 793 and Roaster. Modern Paint and Coatings, Apr/I, 198 6 

The prior art discloses processes for tho „„i ■ . 
* metaiiocene. such as ftmocJ^TSTb^JS S fcurif " ° f , W mat9ria,s " ,f is furth - known that a 
W129,. U.S. Patent Nos. *^.W4mf££^£* K »» Pa "nt No 

teS r P '? 9S !n the reacfon betwee " POIWdeS ^ e,ate t0 « ha «• of transition 

teach the polymerization of epoxide crouD-cLSn ™ * P yfunct,onal cu ""9 additives, but they do not 
polymerization of epoxide group-contSno mS- C °T P °f 0 " S not COnt£inin 9 a c ""ng addL tS 
«> which the polymerization calaiysM ^SS^tSS kn ° m Among such P roce «es are those in 

is described in U.S. Patent No" ZJsVT^ZTpZZ: llo^T "* di » sa°,S 
OS. Patent No. 4.026.705; and the onium salts of eJ£?f * h£l ° niUm Sa,tS 35 is disclosed 

onium salts and reducing agfntf *" *"* ° f Cationica ">' Po'ymerizable compositions using 

5g S r --^^ - ePo. mon- 

^/e^^ -J. of organometallic complex cations and 

^.SS, ,34. Derwent ab5trac , 094^9^ 
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Neutral organometallic compounds have been used in combination with neutral halogenated compounds 
for the photocuring of ethylenicaily-unsaturated monomers. (G. Smets, Pure G. Appl. Chem., 53, 611,615 
(1981); H.M. Wagner, M.D. Purbrick, J. Photograph Science, 29, 230-235. 

The use of certain photosensitizes with onium salts for initiation of polymerization of ethylenically 
5 unsaturated monomers is also well known in the art. This technique has found applications in printing, 
duplication, copying, and other imaging systems (see J. Kosar in Light Sensitive Systems: Chemistry and 
Application of Nonsilver Halide Photographic processes, Wiley, New York, 1965, pp 158-193). Aryliodonium 
salts have been previously described for use as photoinitiators in addition-polymerizable compositions. (See 
U.S. Patent Nos. 3.729,313, 3,741,769, 3,808,006, 4,228,232, 4,250,053 and 4,428,807; H. J. Timpe and H. 
10 Baumann, Wiss Z. Tech. Hochsch. Leuna-Merseburg, 26, 439 (1984); H. Baumann, B. Strehmel, HJ. Timpe 
and U. Lammel, J. Prakt. Chem., 326 (3), 415 (1984); and H. Baumann, U, Oertel and H.J. Timpe, Euro. 
Polym. J., 22 (4), 313 (April 3, 1986). 



15 Summary of the Invention 

Briefly, the present invention provides an energy polymerizable composition comprising an 
ethylenicaily-unsaturated monomer and either polyurethane precursors or an epoxy monomer, and as 
curing agent a combination of a organometallic compound and an onium salt. The compositions are useful 
20 as protective and decorative coatings, inks, adhesives, binders for magnetic media or abrasives, in 
restorative and sealant applications, and in imaging applications. 

It is believed not known in the art that latent, energy induced, simultaneous, preferably solventless, dual 
curing of ethylenicaily-unsaturated monomers, in combination with either polyurethane precursors or epoxy 
monomers, can be achieved by using as curing agent a combination of an organometallic compound and 
25 an onium salt oxidizing agent 

Advantages of compositions of the present invention when utilized in 100% reactive coating composi- 
tions include: 

An industrial process innovation is disclosed that will reduce, minimize, or eliminate the generation of 
industrial solvent waste while reducing energy consumption. 
30 Radiation processing, particularly utilizing electron beam and photogenerated catalysts, has potential 
capability for penetrating and polymerizing thick and pigmented coatings. 

More readily available monomers can be used in place of functionalized oligomers (used in the prior art) 
thereby resulting in lower viscosity monomer solutions which are easier to coat than more viscous oligomer 
solutions. 

35 Expanding the scope of curable monomers to include polyisocyanates/polyols and epoxides allows 
increased flexibility in designing coatings with specific properties. 
In this application: 

"dual curing" means the simultaneous energy-induced curing of ethylenicaily-unsaturated monomers in 
combination with one of polyurethane precursors and epoxy monomers; 

40 "energy-induced curing" means curing by means of electromagnetic radiation (ultraviolet and visible) 
accelerated particles (including electron beam), and thermal (infrared and heat) means; 
"ethylenically unsaturated monomer" means those monomers that polymerize by a free-radical mechanism; 
"catalytically-effective amount" means a quantity sufficient to effect polymerization of the curable composi- 
tion to a polymerized product at least to a degree to cause an increase in the viscosity of the composition; 

45 "organometallic compound" means a chemical substance in which at least one carbon atom of an organic 
group is bonded to a metal atom ("Basic Inorganic Chemistry", F.A. Cotton, G, Wilkinson, Wiley, New York, 
1976, p 497); 

"polyurethane precursors" means a mixture of one or more monomers of the type including diisocyanates 
and polyisocyanates, and one or more monomers of the type including diols and polyols. Compounds 
so bearing at least two isocyanate-reactive hydrogen atoms may be substituted for diols and polyols; the ratio 
of isocyanate groups to isocyanate-reactive hydrogen atoms is 1 :2 to 2:1 ; 

"polymerizable mixture" means a mixture where the ratio of (ethylenicaily-unsaturated compounds) : 
(polyurethane precursors or epoxy compounds) is 1:99 to 99:1; 

"bridging ligand" means a ligand that bonds to two or more metals in the presence or absence of metal- 
55 metal bonds; 
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ofaSc ™° Cyanate ^ 2 " ~ ^anate groups; 
"onium sa.t" means s P a(ts Qf SESS^^Si? T/**** 9roups; 9 an d P 
eteme "ts. P0unds such as *«anium. halonium, and hypervalent Group VIA 

5 

Detailed Disclosure of the Invention 

99 weight percent of either polyurethan p ™ eth y teniC£ll ^nsaturated monomer and 1 To 
therefor, the curing agent comprising " ™ 6P ° Xy m ° nomer and • Component curing agent 

D an organometallic compound having the structure 
is ULVM 



wherein 
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selected from suited and u Stated aS and o T that be the Same or ™™« "B- 
substituted and unsubstituted carbocycfc lomaSc In h , * ° r^"** """Pounds and groups and 
SZe!entf none' ^ * ^^l^ ^ COmp ° Unds ' ^ «£* of 

sigmSc^SeiJ f^m^dl!" and W SlIlTV' C ° ntributina an even "™° a r of 

to the valence shell of M; ' " ^ hKtonteto i,aands ' e ^ donating 2. 4, or 6 sigma-elecLs 

one^^^hto^e 5SJS?^S " ^ ~* M ^ •» more than 

S?JK - - one of a meta,meta, sigma bond and 

2) an onium salt oxidizing agent having £ Sre to aChiev6 3 stable «"*«*". and 
AX || 

wherein 

asrssr - ---- 3. 7 os, 29 , 3, 729 , 313 , ,™, 69 , 

preferably selected from diazonium lodontan aS 2 orS * ' 4 ' 394 ' 403 ' and «- 62 ^6 

from d-phenyliodonium, triphenyisuifonium and "fC^pSJ^?'? ™° A iS Se,ected 

a is an anion, the counterinn nf . y,in{0 P nen W aiphenylsulfonium; and 

— or 'SS-'Sr >< » - «— « M8 , or 

aenesultenate and related isomers and the like and' ' &H,S0 > ' »"'°luenes«fonMe, P-chloroben- 

^p^TJZZ^ STS Elements^ ^ ,B * « " 2 - " «— 
value of 1 to 6. Preferably, the metals are copper So" mlT^?™' ' b 30 inteQer havin 9 a 
cobalt, or nickel and the metalloids pr^^^TT m MXim ' ™nganese, 
Phorous. Preferably, the halogen. Z, is chlorine o LoZT^ TT' arsenic ' and 0"°*" 

AsF 6 ~, SbFs-. FeCI,- SnCfe- SbF 5 - AF - Vn - , c^'^ ° f Suitafale ani °" 5 ara BF« - , PF 6 - 
CV3SO3- . BF.-. PF 6 - . SbF 6 -' SbffoH- ASF;- and Sbcf-' ' ' ^ PMhn ^' *» anio " s « 
to«a. J J : P-e ? bfy 0, to 10 .eight percent of the 

weight, preferably 5:1 to 1:5 by weight P ° n ' Um Sa,t iS in the ranae 101 to 1:10 by 

Trie present invention also provides a pro-ess for th» ™, 
— m Cdte t ,«e„ * one , poly £STZZ2££~Z 

mJZtti£S£t « ^.e^-^reted mdnomers end *.r polyoreteen. 
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(b) adding to said mixture a combination of a cataiytically effective amount of a curing agent 
comprising an organometaliic compound and an onium salt (and all permutations of the order of mixing the 
aforementioned components), thereby forming a polymerizable mixture, and 

(c) allowing the mixture to polymerize or adding energy to the mixture to effect polymerization. 

5 In a further aspect, there is also provided a method for preparing coated articles containing the cured 
composition of the invention comprising the steps of: 

(a) providing a substrate, 

(b) coating an energy polymerizable mixture as described above to the substrate by methods known 
in the art, such as bar, knife, reverse roll, knurled roll, or spin coatings, or by dipping, spraying, brushing, 

70 and the like, with or without a coating solvent, and 

(c) applying energy (after evaporation of solvent, if present) to the article to cause the polymerization 
of the coating. 

In a still further aspect, there are also provided shaped articles comprising the polymerizable mixture of 
the invention. The articles can be provided, for example, by techniques such as molding, injection molding, 
75 casting, and extrusion. Applying energy to the mixture causes polymerization and provides the cured 
shaped article. 

It is not preferred, but it may be desirable to add solvent to solubilize components and aid in 
processing. Solvent, preferably an organic solvent, in an amount up to 99 weight percent, but preferably in 
the range of 0 to 90 weight percent, most preferably in the range of 0 to 75 weight percent, of the 

20 polymerizable composition can be used. 

There are restrictions on the total sum of electrons donated by the ligands, L\ L 2 , L 3 of formula I and 
the valence electrons possessed by the metal. For most organometaliic compounds not involving in- 
tramolecular metal-metal bonding, this sum is governed by the "eighteen electron rule" [see J. Chem. Ed., 
46, 811 (1969)]. This rule is sometimes called the "nine orbital rule", "the effective number rule", or the 

25 "rare gas rule". This rule states that the most stable organometaliic compounds tend to be those 
. compounds in which the sum of the electrons donated by the ligands and the metal is eighteen, Those 
skilled in the art, however, know that there are exceptions to this rule and that organometaliic compounds 
having a sum of 16, 17, 19, and 20 electrons are also known. Therefore, organometaliic compounds not 
including intramolecular metal-metal bonding are described by formula I, in which complexed metals having 

30 a total sum of 16, 17, 18, 19, or 20 electrons in the valence shell are included within the scope of the 
invention. 

For compounds described in formula I in which intramolecular metal-metal bonding exists serious 
departure from the "eighteen electron rule" can occur. It has been proposed [J. Amer. Chem. Soc. 100, 
5305 (1978)] that the departure from the "eighteen electron rule" in these transition metal compounds is 

as due to the metal-metal interactions destabilizing the metal p orbitals to an extent to cause them to be 
unavailable for ligand bonding. Hence, rather than count electrons around each metal separately in a metal 
cluster, cluster valence electrons (CVE) are counted. A dinuclear compound, is seen to have 34 CVEs, a 
trinuclear compound, 48 CVEs, and a tetranuclear compound, having tetrahedron, butterfly, and squre 
planar geometry is seen to have 60, 62, or 64 CVEs, respectively. Those skilled in the art, however, know 

40 that there are exceptions to this electron counting method and that organometaliic complex cluster 
compounds having a sum of 42, 44, 46, 50 CVEs for a trinuclear compound and 58 CVEs for a tetranuclear 
compound are also known. Therefore, di, tri, or tetranuclear organometaliic compounds are described by 
formula I in which the compiexed metal cluster, MM, MMM, or MMMM has a total sum of 34; 42, 44, 46, 48, 
50; or 58, 60, 62, 64 CVEs in the valence shell, respectively, and are included within the scope of this 

45 Invention. 

Illustrative examples of organometaliic compounds according to formula I include: 

[CpFe(CO) 2 ] 2 

Mn 2 (CO)io 

[CpMo(CO) 3 ]2 
so [CpW(CO) 3 ]2 

Re 2 (CO), 0 

Co*(CO)i 2 

Co 2 (CO) 8 

CpFe(CO) 2 SnPh 3 
55 CpFe(CO) 2 GePh 3 

[CpFe(CO)2] 2 SnPh2 

CpMo(CO) 3 SnPh 3 

(CO) 5 MnSnPh 3 
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[<CO) 5 Mn]2SnPh2 

CpFe(CO) 2 PbPh 3 

(CO) 5 MnPbPh 3 

(CO) 5 ReSnPh 3 
5 CpPtMe 3 

CpW(CO) 3 Me 

Cp{CO) 3 W-Mo(CO) 3 Cp 

Cp(CO) 3 Mo-Mn(CO) 5 

Cp(CO) 3 Mo-Re(CO) 5 
10 Cp(CO) 3 W-Mn(CO) s 

Cp(CO) 3 W-Re(CO) 5 

Cp(CO) 3 Mo-Co(CO), 

Cp(CO) 3 W-Co<CO)* 
Cp(CO) 3 Mo-Fe(CO) 2 Cp 
« (C0)sMn-Fe(C0) 2 Cp 
Cp(CO) 3 W-Fe(CO)2Cp 

[CpMo(CO) 2 Pph 3 ] 2 

Mn 2 (CO) 3 PPh 3 
Mn 2 (CO) 8 (PPh 3 ) 2 
20 (CO) 5 Mn-Re(CO) 5 

Mn 2 (CO) 8 (1.10-phenanthroline) 
[CpFe(CO) 2 fcSi 

Re 2 (CO) 8 (i ,1 O-phenanthroIine) 

Re 2 (CO) 8 (2 f 2 , -biquino!ine) 
25 Fe 3 (CO)i 2 

Ru 3 (CO)i 2 

Os 3 '(CO)i 2 

Ru 3 (CO),,PPh 3 

Ru 3 (CO) 10 (Ph 2 P-CH 2 CH 2 -PPh 2 ) 
30 Fe 2 Ru(CO)i 2 

ir*(CO), 2 

[CpNi(CO)] 2 

CpFe(CO) 2 CH 2 Ph 

CpFe(CO) 2 (COPh) 
35 CpFe(CO) 2 (SiPh 3 ) 

[CP" Fe(CO) 2 ] 2 

Cp(CO) 2 Fe-Fe(CO)(PPh 3 )Cp 
(MeCp)RMe 3 
(Me 3 SiCp)PtMe 3 

« Cp(CO) 3 Mo-Mo(CO) 2 (PPh 3 )Cp 
wherein 

Me is methyl 

Ph is phenyl 

Cp is eta 5 -cyc(opentadienyI 

Cp* is eta 5 -pentamethylcyclopentadienyl 
A wide varietv of mnr.^ 
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Su^te^ ^"9 the curing agent of the invention, 

and/or oligomers such as tm^-ZZ. ZjZZT ca T unsaturated double bond, can be 

monomers 

undergoing addition polymerization ^1^1^ ^ 00 "! pounds - and » capable of 
methacrylates such as methyl acryto. m^l^S^^S?, °"' *" ° f P ° ,y " ac ^ s ™* 
acrylate. stearyl acry.ate. allyl acrylate. gSoT diacrvSl^ " T**' iS ° Pr ° Py ' me,ha <=rylate. n-hexy. 
diethyleneglycol diacrylate, W-iS^nJE^^ tnaCry,ate ' eth Weneglycol diacrylate. 
d.methacry.ate. trimethylolpropane triacX Tz^^Ll^^ 1 *P"P«dU 
crylate, pentaerythritol triacrylate. penZZm t^l tr '™f Acrylate. 1 .4-cyc.ohexanedio. dia- 
hexacrylate. mH^acryloxy^^Zv^^^^^ tetrame ^rylate. sorbitol 
propoxyphenyl-dimethylmethane. t ri^ySSj^SLT" 8 "-. ^^HS-acryloxy-g-hydroxy)]^ 
methacrylates of poiyethy.ene glycols ItZlS^Z-TZ^- "T biS - 3Cry,ateS " * 
monomers such as those of U.S. Patent No 4S2 IT* h \ copo| y mer,2a ble mixtures of acrylated 

no. 4.652.274, and acrylated oligomers such as those of U.S. 
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Patent No. 4,642,126; unsaturated amides such as acrylamide, methylene bis-acrylamide, methylene bis- 
methacrylamlde, 1 ,6-hexamethylene bis-acrylamide, diethylene triamine tris-acrylamide and beta- 
methacrylaminoethyl methacrylate; and vinyl compounds such as styrene, divinylbenzene diallyl phthalate, 
divinyl succinate, divinyl adipate, divinyl phthalate, and vinyl azlactones as disclosed in U.S. Patent No. 
5 4,304,705. Mixtures of two or more monomers can be used if desired. 

The polyisocyanate component of the polyurethane precursors that can be cured or polymerized in the 
dual curing systems of the present invention may be any aliphatic, cycloaliphatic, araliphatic, aromatic, or 
heterocyclic polyisocyanate, or any combination of such polyisocyanates. Particularly suitable 
polyisocyanates correspond to the formula 

70 

Q(NCO) p ill 

in which p is an integer 2 to 4, and Q represents an aliphatic hydrocarbon di-, tri-, or tetra-radical containing 
from 2 to 100 carbon atoms, and zero to 50 heteroatoms, a cycloaliphatic hydrocarbon radical containing 

15 from 4 to 100 carbon atoms and zero to 50 heteroatoms, an aromatic hydrocarbon radical or heterocyclic 
aromatic radical containing from 5 to 15 carbon atoms and zero to 10 heteroatoms, or an araliphatic 
hydrocarbon radical containing from 8 to 100 carbon atoms and zero to 50 heteroatoms. The heteroatoms 
that can be present in Q include non-peroxidic oxygen, sulfur, non-amino nitrogen, halogen, silicon, and 
non-phosphino phosphorus. 

20 Examples of polyisocyanates are as follows: 

ethylene diisocyanate, 1 ,4-tetramethylene diisocyanate, 1 ,6-hexamethylene diisocyanate, trimethyl hex- 
amethylene diisocyanate, 1,12-dodecane diisocyanate, cycIobutane-1,3-diisocyanate, cyclohexane-1 ,3- and 
-1 ,4-diisocyanate and mixtures of these isomers, 1-isocyanato-3,3,5-trimethyl-5-isocyanatomethyl cyclohex- 
ane (see German Auslegeschrift No. 1,202,785, U.S. Patent No. 3,401,190), 2,4- and 2,6-hexahydrotolylene 

25 diisocyanate and mixtures of these isomers, hexahydro-1 ,3-and/or -1,4- phenylene diisocyanate, perhydro- 
2,4 - and/or -4,4'- diphenylmethane diisocyanate, 1,3- and 1 ,4-phenylene diisocyanate, 2,4- and 2,6-tolylene 
diisocyanate and mixtures of these isomers, diphenylmethane-2,4'- and/or - 4,4 -diisocyanate, naphthylene- 
1,5-diisocyanate, and the reaction products of four equivalents of the aforementioned isocyanate-containing 
compounds with compounds containing two isocyanate-reactive groups. 

30 According to the present invention, it is also possible for example, to use tri phenyl methane-4,4 ,4 - 
trlisocyanate, polyphenyl polymethylene polyisocyanates described in British Patent Nos, 874,430 and 
848,671, m- and p-isocyanatophenyl sulphonyl isocyanates according to U.S. Patent No. 3,454,606, 
perchlorinated aryl polyisocyanates of the type described, for example, in German Auslegeschrift No. 
1,157,601 (U.S. Pat. No. 3,277,138), polyisocyanates containing carbodiimide groups of the type described 

35 in U.S. Patent No. 3,152,162 and in German Offenlegungsschrift Nos. 2,504,400, 2,537,685 and 2,552,350, 
norbornane diisocyanates according to U.S. Patent No. 3,492,330, polyisocyanates containing allophanate 
groups of the type described, for example, in British Patent No. 994,890, in Belgian Pat. No. 761,626 and in 
Dutch Patent Application No. 7,102,524, polyisocyanates containing isocyanurate groups of the type 
described, for example in U.S. Patent No. 3,001,973, in German Patent Nos. 1,022,739, 1,222,067 and 

40 1,027,394 and German Offenlegungsschrift Nos. 1,929,034 and 2,004,046, polyisocyanates containing 
urethane groups of the type described, for example, in Belgian Patent No. 752,261 or in U.S. Patent Nos. 
3,394,164 and 3,644,457, polyisocyanates containing acrylated urea groups according to German Patent 
No. 1,230,778, polyisocyanates containing biuret groups of the type described, for example, in U.S. Patent 
Nos. 3,124,605, 3,201,372 and 3,124,605 and in British Patent No. 882.050, polyisocyanates produced by 

45 telomerization reactions of the type described for example in U.S. Patent No. 3,654,105, polyisocyanates 
containing ester groups of the type described, for example, in British Patent Nos. 955,474 and 1,072,956, in 
U.S. Patent No. 3,567,763 and in German Patent No. 1,231,638, reaction products of the above-mentioned 
diisocyanates with acetals according to German Patent 1,072,385 and polyisocyanates containing polymeric 
fatty acid esters according to U.S. Patent No. 3,455,833. 

50 It is also possible to use distillation residues having isocyanate groups obtained in the commercial 
production of isocyanates, optically in solution in one or more of the above-mentioned polyisocyanates. It is 
also possible to use any mixtures of the above-mentioned polyisocyanates. 

Preferred polyisocyanates are hexamethylene diisocyanate, its isocyanurate and its biuret; 4,4- 
methylene bis(cyclohexylisocyanate); 1-isocyanato-3,3,5-trimethyi-5-isocyan£tomethyl cyclohexane 

55 (isophorone diisocyanate); the toiylene diisocyanates and their isocyanurates; the mixed isocyanurate of 
tolylene diisocyanate and hexamethylene diisocyanate; the reaction product of 1 mo! of trimethylol propane 
and 3 mols of tolylene diisocyanate and also crude diphenyl methane - diisocyanate. 

Suitable compounds containing at least 2 isocyanate-reactive hydrogen atoms can be high or low 
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which are former fii ♦ J P^Mnc alcohols obtained therefrom by reduction ("formitol") 

2.639.084, 2.714.084, 2^14 104 2721 186 ISST 7 9 °SS* (Gennan 0ffen < Wschrift Nos. 
dition products. XS^SKr « ^„ polyad- 

polyhydrazodicarbonamides, in low molecu lar we 27 ^" T - 9r ° UpS Mr SOlutions of 

„ in accordance with the P^lSS^ ^ *»* 

Epoxy comoounds lhal ™„ h= „.1T . 0 POlyureihane- science 2nd teehnoloay. 

The li-oyclfc elhers „e preferred ' 1 0eS,E, "-' 8d u '' 2 '' , ' 3 '- a " a M-W*** 

^^^^^^^^^^^ 

A w.de.variety of commercial epoxy resins are available and listed in "Handbook of Epoxy Resins" by 
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Lee and Neville, McGraw Hill Book Company, New York (1967) and in "Epoxy Resin Technology" by P. F. 
Bruins, John Wiley & Sons, New York (1968). Representative of the 1,3- and 1,4-cyclic ethers which can be 
polymerized in accordance with this invention are oxetane, 3,3-bis(chloromethyl)oxetane, and 
tetrahydrofuran. 

5 In particular, cyclic ethers which are readily available include propylene oxide, oxetane, epichlorohydrin, 
tetrahydrofuran, styrene oxide, cyclohexeneoxide, vinylcyclohexene oxide, glycidol, glycidyl methacrylate, 
octylene oxide, phenyl glycidyl ether, 1,2-butane oxide, digiycidyl ether of bisphenol A {e.g., "Epon 828" 
and "DER 331"), vinylcyclohexene dioxide (e.g., "ERL-4206), 3,4-epoxycyclohexylmethyl-3,4-epox- 
ycyclohexanecarboxylate (e.g., "ERL-4221"), 3,4-epoxy-6-methylcyclohexy!methyl 3,4«epoxy-6-methyl- 

70 cyclohexanecarboxylate (e.g.,"ERL-4201"), bis(3,4-epoxy-6-methylcyclohexylmethyl)adipate (e.g., "ERL- 
4289"), aliphatic epoxy modified with polypropylene glycol (e.g., "ERL-4050" and "ERL-4052"), dipentene 
dioxide (e.g., "ERL-4269"), epoxidized polybutadiene (e.g., "Oxiron 2001"), silicon epoxy (e.g., "Syl-Kem 
90"), 1,4-butanediol digiycidyl ether (e.g., Araldite RD-2), polyglycidyl ether of phenolformaidehyde novolak 
(e.g., "DER-431", "Epi-Rez 521" and "DER-438 M ) f resorcinol digiycidyl ether (e.g., "Kopoxite"), poiyglycol 

rs diepoxide (e.g., "DER 736"), polyacrylate epoxide (e.g., "Epocryl U-14"), urethane modified epoxide (e.g., 
"QX3599"), polyfunctional flexible epoxides (e.g., "Flexibilizer 151'"), and mixtures thereof as well as 
mixtures thereof with co-curatives, curing agents, or hardeners which also are well known (see Lee and 
Neville and Bruins, supra). Representative of the co-curatives of hardeners which can be used are acid 
anhydrides such as nadic methyl anhydride, cyclopentanetetracarboxylic dianhydride, pyromellitic anhy- 

20 dride, cis-1 ,2-cyclohexanedicarboxylic anhydride, and mixtures thereof. 

As noted above, the organometallic compounds useful in combination with onium salts to provide the 
curing agents useful in the invention have the formula 

L 1 L 2 L 3 M, I 

25 

Ligands L 1 to L 3 are well known in the art of transition metal organometallic compounds. 
Ligand L 1 of general formula I is provided by any monomeric or polymeric compound having an 
accessible unsaturated group, i.e., an ethylenic, -£ =<b - group; acetyienic, -OC- group; or aromatic 
group which has accessible pi-electrons regardless of the total molecular weight of the compound. By 

30 "accessible", it is meant that the compound (or precursor compound from which the accessible compound 
is prepared) bearing the unsaturated group is soluble in a reaction medium, such as an alcohol, e.g., 
methanol; a ketone, e.g., methyl ethyl ketone; an ester, e.g., amyi acetate; a halocarbon, e.g., trich- 
loroethylene; an alkane, e.g., decalin; an aromatic hydrocarbon, e.g., anisole; an ether, e.g., tetrahydrofuran; 
etc, or that the compound is divisible- into very fine particles of high surface area so that the unsaturated 

35 group (including aromatic group) is sufficiently close to a metal atom to form a phbond between that 
unsaturated group and the metal atom. By polymeric compound, is meant, as explained below, that the 
ligand can be a group on a polymeric chain. 

Illustrative of ligand L 1 are the linear and cyclic ethylenic and acetyienic compounds having less than 
100 carbon atoms, preferably having less than 60 carbon atoms, and from zero to 10 hetero atoms selected 

40 from nitrogen, sulfur, non-peroxidic oxygen, phosphorous, arsenic, selenium, boron, antimony, tellurium, 
silicon, germanium, and tin, such as, for example, ethylene, acetylene, propylene, methylacetylene, 1- 
butene, 2-butene, diacetylene, butadiene, 1 ,2-dimethylacetylene, cyciobutene, pentene, cyciopentene, hex- 
ene, cyclohexene, 1 ,3-cyc!ohexadien6» cyclopentadiene, 1 ,4-cyclohexadiene, cycloheptene, 1-octene, 4- 
octene, 3,4-dimethyl-3-hexene, and 1-decene; eta 3 -allyl, eta 3 -pentenyl, norbornadiene, eie 5 -cyciohexadienyl, 

45 eta e -cycloheptatriene, eta 8 -cycfooctatetraene, and substituted and unsubstituted carbocyclic and 
heterocyclic aromatic ligands having up to 25 rings and up to 100 carbon atoms and up to 10 hetero atoms 
selected from nitrogen, sulfur, non-peroxidic oxygen, phosphorous, arsenic, selenium, boron, antimony, 
tellurium, silicon, germanium, and tin, such as, for example, eta^cyclopentadienyL benzene, mesitylene, 
hexamethylbenzene, fiuorene, naphthalene, anthracene, chrysene, pyrene, eta 7 - cycloheptatrienyl, triphenyi- 

50 methane, paracyclophane, 1 ,4-diphenyibutane, eta 5 -pyrrole, etaMhiophene, etaMuran, pyridine, gam- 
mapicoline, quinaldine, benzopyran, thiochrome, benzoxazine, indole, acridins, carbazole, triphenylene, 
silabenzene arsabenzene, stibabenzene, 2,4,6-triphenylphosphabenzene. eta 5 -seienophene, dibenzostan- 
nepine, eta 5 -tellurophene, phenothtarsine, seienanthrene, phenoxaphosphine, phenarsazine, phenatel- 
lurazine, eta 5 -methylcyclopentadienyl, ete 5 -pentamethyicyclopentadienyi, and 1-phenylborabenzene. Other 

55 suitable aromatic compounds can be found by consulting any of many chemical handbooks. 

As mentioned before, the ligand can be a unit of a polymer, for example, the phenyl group in 
polystyrene, poly(styrene-co-butadiene), poly(styrene-co-methyl methacrylate), poly(alpha-methylstyrene), 
polyvinylcarbazole, and polymethylphenylsiioxane; the cyclopentadiene group in poly(vinylcyclopentadiene); 
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present in the polymer be complexed T!£^J£." " ** * Mc 

metal atom does not take place S^J^SSJL ^ ° ^ that com P'ex.'ng with the 
carbon atoms and up to iSS^^s^S^-T"^ *" °' which P referabl >' have less than 30 
arsenic, selenium, antimony teLlm ^irnt n ° 9en ' SU ' fUr ' non -P ero * id i= oxygen, phosphorus, 

as methyl, ethyl bu^dl^ ,,n ' T^T' ' M hydr0C£rbyl ^ ™* 

hydrocarbyloxy groups such 2 met37lw T^ ' ^ ben2ylidene - Phenyl, and ethynyl; 
methylmercapio (thiomethoxy) PhlvScJot?; h T* hydrocart >ylmercapto groups SUC h as 
ycarbony. and PhenoxycTZyi;^ hydrocarbyloxycarbonyl such as methox- 

bonyloxy such as acetoxy. ! k T ' aCetyi> 8nd b8nZOy,: Mrocarbylcar- 

etamido. benzamido- aatarv? £T™ ,hT ? ne u cafbon y«^; hydrocarbylcarbonamido, e.g., ac- 

oxo: dimethyiamino SCjiSS^S^ wT" hydr0Xy; cyano; nitr * 

methylene; ethy^*^ 

indeno; and the like. *™etn y i sl ioxy, condensed rings such as benzo. cyclopenta; naphtho. 

conStto alu] socaln l^^^J^ ^ 
zo peroxidic oxygen, phosphorous arsenT J"l m P , ?°™ Selected from nitr °9 a ". sulfur, non- 

atom, following loss of zero one oZo hvdZn' T^!'?" * Mm ' ™ h ™ Up ° n Mn to the metal 
metal. M, a I, 5-. orTmem^ered ^ 

compounds or groups ar iSS^S^Z nn9 ' ExSmp,9S of suitadle monodentate 

as ethano.. butanof and nSoSm fi e KO*\ °T * ^ SlCoho,s such 

25 ammonia, phosphine. trime%llinT WmTvlontnwi I' TT™ 5 ° f Gr ° Up VA elements such as 
sine, triphenylsfibine, tn^utyTphoSe ^SS£^2^ , T T™ 6 ' tri P hen V'Ph°^Phine, triphenylar- 
such as ethoxymethylcarbe^e c^ttiion^th^^^ !l „ ? phenyhsonitrile, butyiisonitrite; carbene groups 

potentate com S£ o ^ou^^t^ZSTV'T " ethy "' dene; suitab ' a 

diisocyanopropane, and hydridotriDvSvborST L „ propylened,amine - diethylenetriamine, 1,3- 
acid. salicylic acid polyhyd^ acids such - S^olic scid , , actic 

as ethanoamin.. n™'^"^™ carecno1 and 2.2 -dihydroxybiphenyl; 

nydroxyamines such 

dibenzyldithiocarbamate xanThates such aTS T h ^ °f bam£teS SUCh as dia thyldithiocarbamate, 

^0™^^ the di . thi0,snes such as bis - 

dicarboxylic diamines as oxalamiriP hiur*" w-. 7 u ne ' 9 ' yome and o-aminobenzoic acid; 

hydrnxy^etophrone-lipnl SSS^S^tT" T 25 2 ' 4 "P entanad '°ne; hydroxyketones such as i 
glyoxJes sue' * Zly m^eO^S^SS^T': SUCh * S &Sn2il oxime; and 

CN" . SCN" . F- . OH- C - Br r 7nn t- 5 *T ™ ^ m0rga ™ C 9r0ups SL,ch as ' for example. 

ele* ro n.S^ in its ^ructure an atom with an unshared 

less than 30 carbo'n atoms and I u Z7o ^l^^T ™ T° *°™ ^ pre,6rSbly Contain 
arsenic, selenium, antimony tellurium ^^ZI^T T "' tr ° 9en ' SUlfur ' 0xy9en - Phosphorus, 
hydrocarby. groups such as'me^e^ 9 -"PS are 

byl groups such as vinyl eta'-allvl eta'LLvi l t T, ' , u, y P y ' t0ly '' etC "' unS£t ' jr£ teo hydrocar- 

prorthron,; Se ^^T^l™ 1^ ^ thr3e " ° f ^ ^ - 

SnPh, GePha. SiMe. SiPh' snPh. S and In 3mP ' eS ° f SU ° h 9r ° UpS are Ch - SiMe - SiPn - 

M can be any element from the Periodic Groups IVB VB VIB Vli=i win 
*. Hf. V, Nb, Ta. Cr. Mo. W. Mn, To, Re, Fe, Ru. Os. Co Rh .^ Ni Pd ^T^ eXamP ' 6 ' T '' 

thJeTc^^ and one of polyure- 

and an onium salt can L LedT^at R ~ 
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although low temperature (e.g., -1.0*C) or elevated temperature (e.g., 30 to 200° C, preferably 50 to 
150* C) can be used to subdue the exotherm of polymerization or to accelerate the polymerization, 
respectively. Temperature of polymerization and amount of catalyst will vary and be dependent on the 
particular curable composition used and the desired application of the polymerized or cured product. The 

5 amount of curing agent to be used in this invention should be sufficient to effect polymerization of the 
polymerizable mixtures (i.e., a catalyticaily-effective amount) under the desired use conditions. Such amount 
generally will be in the range of about 0.1 to 20 weight percent, and preferably 0.1 to 10.0 weight percent, 
based on the weight of curable composition. 

While not wishing to be bound by theory, we propose that when specified organometallic compounds 

70 are irradiated in the presence of suitable oxidizing agents such as onium salts, intermediate compounds are 
produced which can affect the curing of epoxides, urethanes, and vinyl monomers, it is believed that the 
transition metal-transition metal or metal-L 3 sigma bond cleaves homolytically upon photolysis. Evidence for 
this homolytic cleavage is provided for some organometallic compounds such as [CpFe(CO)2]2 and Mn2- 
(CO)io and involves the abstraction of CI from CCL*. subsequent to photolysis. (G. Geoffrey and M. 

15 Wrighton, "Organometallic Photochemistry," Academic Press, NY (1979), Chapters 2 and 8, particularly p. 
138). In other cases, spectroscopic data provides such evidence (O. Hackelberg, A. Wojcicki Inorg. Chem. 
Acta. 1980, 44, L63; R. G. Severson, A. Wojcicki J. Organomet. Chem. 1978, 157, 173). The product(s) of 
this bond homolysis then react with the oxidizing agent. By this process, the catalytic species for the 
polymerization of either the polyurethane precursors or epoxy monomers is derived from the organometallic 

20 compound, and, simultaneously the free radical initiator for the polymerization of the ethylenically unsatu- 
rated monomers is derived from the oxidizing agent In the limit, cleavage of the sigma bond by one photon 
can ultimately lead to the production of two organometaliic-derived species and two free radical initiators. It 
should be noted that competing or secondary photo processes, such as dissociation of a carbonyl ligand, 
can occur. Such processes, however, occur in such a manner or to such an extent that the effective 

25 catalytic species and initiator are still produced so as to effect curing of the composition. 

Solvents, preferably organic can be used to assist in dissolution of the curing agent in the ethylenically- 
unsaturated monomer, and either polyurethane precursors or epoxy monomers, and as a processing aid. 
Representative solvents include acetone, methyl ethyl ketone, cyclopentanone, methyl cellosolve acetate, 
methylene chloride, nitromethane, methyl formate, acetonitrile, gamma-butyrolactone, and 1 ,2-dimethox- 

30 yethane (glyme). In some applications, it may be advantageous to adsorb the curing agent onto an inert 
support such as silica, alumina, clays, etc., as deseribed in U.S. Patent No. 4,577,137. 

For those compositions of the invention which are radiation-sensitive, i.e., the compositions containing 
ethylenically unsaturated monomers and either polyurethane precursors or epoxy monomers and as curing 
agent a combination of an organometallic compound of Formula I and an onium salt of Formula II, any 

as source of radiation including electron beam radiation and radiation sources emitting active radiation in the 
ultraviolet and visible region of the spectrum (e.g., about 200 to 800 nm) can be used. Suitable sources of 
radiation include mercury vapor discharge lamps, carbon arcs, tungsten lamps, xenon lamps, lasers, 
sunlight, etc. The required amount of exposure to effect polymerization is dependent upon such factors as 
the identity and concentrations of the organometallic compound and onium salt, the particular ethylenically 

40 unsaturated monomer, polyurethane precursors, and epoxy monomers, the thickness of the exposed 
material, type of substrate, intensity of the radiation source and amount of heat associated with the 
radiation. 

Thermal polymerization using direct heating or infrared electromagnetic radiation, as is known in the art, 
can be used to cure ethylenicaliy-unsaturated monomers and either polyurethane precursors or epoxy 
45 monomers according to he teachings of this invention. 

It is within the scope of this invention to include two-stage polymerization (curing), by first activating 
curing agent by irradiating the curable compositions and subsequently thermally curing the activated 
. precursor so obtained, the irradiation temperaiure being below the temperature employed for the subse- 
quent heat-curing. These activated precursors may normally be cured at temperatures which are substan- 
50 tially lower than those required for the direct thermal curing, with an advantage in the range from 50 to 
110*C. This two-stage curing also makes it possible to control the polymerization in a particularly simple 
and advantageous manner. 

Adjuvants such as solvents, pigments, abrasive granules, stabilizers, light stabilizers, antioxidants, flow 
agents, bodying agents, flatting agents, colorants, inert fillers, binders, blowing agents, fungicides, bac- 
55 teriocides, surfactants, plasticizers, and other additives as known to those skilled in the art can be added to 
the compositions of this invention. These can be added in an amount effective for their intended purpose. 

Compositions of this invention are useful for coatings, foams, shaped articles, adhesives, filled or 
reinforced composites, abrasives, caulking and sealing compounds, casting and molding compounds, 
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potting and encaDsulatpri 

exposed mav b» LI ! m '" 9 - 38 by Nation through a mask th„=! . 9 ,lke ' and Eradiated. 



20 



M © = methyl 
Pn = phenyl 
Cp = cyclopentadienyl 



EXAMPLE 1 

25 



TABLE I 





Compound 


Elemental Analysis 
(ReportfCalculated) 


I Melting 
Point ("C) 




%C 


I % H 




CpFe(CO) 2 SnPh 3 

CpFe(CO) 2 GePh 3 

CpFe(CO) 2 PbPh 3 

[CpFe(CO) 2 ] 2 SnPh 2 

(CO) 5 MnSnPh 3 

(CO) s MnPbPh 3 

t(CO) 5 Mn] 2 SnPh 2 

(CO) 5 ReSnPh 3 

CpMoSnPh 3 


57.0/57.0 
62.3/62.4 

49.7/49.8 
51.0/50.7 

33.9/39.8 

52.6/52.5 


3.8/3.8 
4.2/4.2 

3.3/3.2 
2.8/2.8 

1.6/1.5 

3.4/3.4 


135-135 
159-160 

146-149 
146-149 

138-139 

213-214 
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EXAMPLE 2 



Several organometallic compounds were prepared according to literature methods. CpW(CO)3(CH 3 ) was 
6 prepared according to the method of T.S. Piper, G. Wilkinson, Inorg. Nucl. Chem., 1956, 3, 104-124. [CpW- 
(CO)3]2 was prepared according to the method of R. Birdwhistell, P. Hackett, A. R. Manning, J. Organomet. 
Chem., 1978, 157, 239. CpFe(CO)2SiPh 3 was prepared according to the method of G. Cerveau, E. Coiomer, 
R. Corriv, W. E. Douglas, J. Organomet. Chem., 1977, 135, 373, 386. The method of J. P. Bibler, A. 
Wojcicki, J. Amer. Chem. Soc, 1966, 88, 4862 was used to prepare CpFe(CO)2(CHPh2), and that of R. B. 
10 King, M. B. Bisnette, J. Organomet. Chem., 1964, 2, 15-37, to prepare CpFe(CO) 2 (COPh). The preparation 
of CpPtMe 3 has been described in U.S. Patent No. 4,600,484. 
These compounds are used in subsequent examples. 



75 EXAMPLE 3 (Comparative) 

This example illustrates the use of an organometallic compound containing a transition metal-transition 
metal single bond in the curing agent to photocatalyze the formation of polyurethane. A stock solution of 

20 8.02 g 4,4 -methylenebis(cyclohexylisocyanate) (DesmodurTM W, a Mobay Corp., Pittsburgh, PA) and 11.20 
g polyethylene glycol MW400 (CarbowaxTM 400, Union Carbide, Danbury, CT) was prepared. To a solution 
of 0.01 g [CpFe(CO)2]2 and 0.02 g Ph 2 T PF G ~ in 0.1 g gamma-butyrolactone was added 1.25 g of the 
stock solution. The sample was photocured to a solid using a KodakTM CarouselTM projector in 12 minutes. 
Three samples were prepared as above, except the iron dimer and iodonium salt were added as 

25 follows: sample (a), 0.01 g [CpFe(CO) 2 ]2. 0.03 g Ph 2 l + PF e ~; sample (b), 0.01 g [CpFe(CO) 2 ]2; sample (c), 
0.03 g Ph2l* PFe""; (a) was left in the dark while samples (b) and (c) were irradiated as above. None of the 
three samples showed evidence of any curing, no obvious change in viscosity as evidence, after 20 
minutes. 

30 

EXAMPLE 4 (Comparative) 



This example illustrates the use of an organometallic compound containing a transition metal-carbon 
35 single bond in the curing agent to photocatalyze the formation of polyurethane. 0.52 g Desmodur W (4,4 - 
methylene bis (cyclohexyl isocyanate)) and 0.72 g Carbowax 400 (polyol) were combined and added to ca. 
0.01 g CpPt(CH 3 )3 (Cp = eta 5 -cyclopentadienyl) which had been dissolved in ca. 0.15 ml of a mixture of 
CH2CI2 and gamma-butyrolactone. The resulting mixture was irradiated with a HanoviaTM 450 watt medium 
pressure mercury arc lamp through PyrexTM. Complete cure was achieved within 12 minutes irradiation 
40 time. 



EXAMPLE 5 

45 

This example describes the photocuring of Henkei Duo-CureTM (Henkel Corp., Minneapolis, MN) resins. 
The Henkel Duo-CureTM resins are polyol/aliphatic poiyisocyanate and multifunctional acrylate systems 
containing no curing agents. The resins are dual curing resins, and are claimed to form interpenetrating 
networks (IPN's) when properly cured. 

50 Samples were prepared, 2.0 g in size, using 77 parts Henkel Duo-Cure 172A, 23 parts Duo-Cure 172B, 
0.5 parts [CpFefCOhk, and 1 part Ph2l* PF e "\ One sample was cured in the vial using a suntan lamp, 
cured in <3.0 minutes to a clear, hard mass. The other sample was coated on a tongue depressor and 
exposed to the suntan lamp. Curing occurred in 15 seconds, to yield a clear, hard, sandable coating. 
Infrared spectra of thin coatings on salt plates showed conversion of the isocyanate to urethane upon 

55 exposure to sunlamp radiation. 
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EXAMPLE 6 (Comparative) 



70 



on,um salt as curing agent. metal bond con ^n'ng organometallic compounds and 

naif. One half was bubbled with N 2 for 2-3 minutes Z IZTh ^ (MW = 400 > was div ^* in 
were irradiated simultaneously with the ow TI wC h^T" t0 atm ° Sphere - Bo,h s ^ 
and a water infrared filter. Both samples cured after 1 o „t ' amp ' fi,tered tnrau 9" 

presence of onium salt, curing occurs'with Si£ 0 " pZT ^ ™ S dem «es that Into 



75 



EXAMPLE 7 (Comparative) 



20 



~ transition metal containing 
Desmodur W, 1.9 parts butanediol. and 0 5 partMrimel.^ o SOlUf,0n Was pre P ared fr °™ 7 parts 
3 using 125 g of the stock solution 0 01 g n^ZT, ^ ^ SamplSS Were prepared a * in Example 
in 0.05 g gamma-butyrolactone. ^Z t e Z^^^^ 6 ° M * 9 ^ PF < 
-rcury arc through Pyre, Alternate,, toeseZpoSs cTn £ " 

TABLE II 



30 



40 



lodonwm and Sulfonium Salts 


Organometallic 
Compound 


Cure time, minutes 


Ph 2 f 
PF S - 


Ph 3 S* 
PF 6 - 


[Co(CO)*] 2 

[CpFe(CO) 2 ] 2 

[Mn(CO) 5 ] 2 

[Re(CO) s ] 2 

Co 4 (CO)i 2 

[CpMo(CO) 3 ] 2 

Fe 2 (CO) 3 


6.0 
9.0 
12-20 
20-40 
40-55 
55-67 
ca. 60 


>100 
20-25 

7-12 
20-40 
55-66 
60-66 



45 



50 



55 



EXAMPLE 8 (Comparative) 



contln'U'^ agents wherein organometallic compounds 

stock solution of polyurethane precursors Zl« Z^°" T curin 9 a 9 e "t for polyurethane precursors. A 
Carbowax 400 and shaking well before use sfmnil? Y ™™ 9 23>1 9 Desm °dur W and 32.6 g 
mg dipheny.iodonium hexJiuoropCh^f usSfo oTaTJTZl 10 ^ a " d 20 

dark, and samples were then irradiated under X^cJ^S; 2 ? 9 M S ° ,Uti0n was added the 

^naominir^^ 
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TABLE Hi 



Curing of Polyurethane Precursors 




Cure Rates, min 


Viscosity 
Increase 


Cured 


CpPtMe 3 


7 


30 


CpPtMe3 + iodonium 


7 


30 


CpW(CO) 3 Me 


30 


partial 


CpW(CO)3Me + iodonium 


30 


partial 


[(PM8 2 Ph) 2 PtMe 3 (acetone)] + PF s " fl 


13 


partial 


[CpFe(CO) 2 )]2 + lodonium a 


9 


30 



a included for purposes of comparison 



The data show curing occurs with or without iodonium salts. In some cases, adventitious oxygen can 
provide a suitable oxidizing agent. However, the use of onium salts is preferred since it is much easier to 
20 control the organometallic/oxidizing agent ratio. 



EXAMPLE 9 (Comparative) 



This example describes the use of the curing agent containing an organometailic compound containing 
a transition metal-carbon bond to cure epoxies. Each sample was prepared by dissolving 10 mg catalyst 
and 20 mg diphenyiiodonium hexafluorophosphate (if used) in 0.2 g CH2CI2. 2.0 g cyclohexene oxide was 
added in the dark, and samples were then irradiated under a Hanovia Quartz Utility lamp. Initial formation of 
30 polymer was tested by placing a few drops of the sample in about 2 mL methanol. Formation of precipitate 
indicated that polymer had formed. Further polymerization resulted in a viscocity increase in the sample. 
Results are indicated in Table IV. 

TABLE IV 



Curing Agent 


Precipitate 


Viscosity 




formed, min. 


increased, min. 


CpPtMe 3 


no cure 


no cure 


CpPtMe 3 + iodonium 


3.5 


30 


CpW(CO) 3 Me + iodonium 


3 


30 


(PMe 2 Ph) 2 PtMe3 (acetone)] + PF e - a 


2 


no further cure 


[CpFe(CO) 2 ] 2 + iodonium 3 


2 


30 



a included for proposes of comparison. 



EXAMPLE 10 (Comparative) 

50 

Examples of the ability of curing agent, containing transition metal-transition metal bonded and M-L 3 
type organometailic compounds and onium salt to photoinitiate the cure of epoxies are provided here. The 
tests were carried out in the following manner: Into a glass vial were weighed out 0.1 Og of the desired 
55 organometailic compound and/or 0.20g diphenyiiodonium hexafluorophosphate (3M Company, recrystallized 
from acetone/isopropanol). Then, the following operations were carried out under subdued light, 0.3g of 
gamma-butyrolactone, 2.0g cyclohexene oxide (Aldrich Chemical Company, distilled), 5.0g of 3, 4- 
epoxycyclohexyimethyl-3,4-epoxycyclohexane carboxylate (ERL-4221, Union Carbide Company) were ad- 
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or picks up no cotton threads. 'Hi^^esf £££2T«! "J 8 «""*«■->" ™ 



TABLE V 



Photoinitiation of Epoxy Cure 


Compound 


Cure 


Time 3 




No Onium 


Onium Salt 




Salt Added 


Added 


.[CpFe(CO) 2 ] 2 


>10 


- 1 - 


CpFe(CO) 2 SnPh 3 


>10 


5 


CpFe(CO) 2 GePh 3 


>10 


5 


tCpFe(CO) 2 ] 2 SnPh 2 


>10 


3 


Mn 2 (CO)i 0 


>10 


1 
4 


(CO) s MnSnPh 3 


>10 


[(COJsMnfcSnPhz 


>10 


3 


Re2(CO)10 


1 


1.5 


CpMo(CO)3SnPh 3 


8 


4 



a time in minutes to cure. 



30 



35 



EXAMPLE U (Comparative) 



«£ ept" ^ie^coSln £ CUri " 9 39ent ' 3 Seri6S ° f 6XperimentS ™* «W out in 
was photoVed T "se 3 ce f T ^ ^ J^Ttf ^ ^ ^ ^ ° niUm Salt ' 
acrylate was distilled from hydoquLnone^ storS 1m n P . ° SySt6m US6d is as follows: meth y' 
obtained from Aldrich nTZ^l,T f ready f ° r usa C V C ™**°™ oxide was used as 

D'Pheny.iodoni^ from commercial sources. 

40 done as 100% solids, except as noted reCrySta " ,zed from acetoneflsopropanol. All experiments were 

« ernes represent the time reooXrl » ™ J ^2 ' "™ ,95cenl >»»- T » VI mm. me cote 



50 



55 
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TABLE VI 



10 



15 



20 



Photoinitiated Cure Times of Epoxy and 
Acrylate Compositions 3 


Catalyst System 


Epoxy 


Acrylate 


[CpFe(CO) 2 ] 2 


>900 


>600 


[CpFe(CO) 2 ]2 /iodonium 


60 


30 


Mn 2 (CO)io 


>900 


>600 


Mn2(CO)io /iodonium 


200 


45 


Re 2 (CO)i 0 


>900 


360 


Re 2 (CO)io /iodonium 


200 


60 


C02(C0) 8 


b 


b 


Co 2 (CO)s /iodonium 


c 


200 


C04(CO)l2 


b 


b 


Co*(CO)i 2 /iodonium d 


>900 


80 


iodonium 


>900 


>300 



a Cure time in seconds, 
b Not done. 

c Reacted in the dark upon mixing. 

d 10% by wt gamma-butyrolactone added. 



25 



EXAMPLE 1 2 (Comparative) 



30 



35 



40 



This example demonstrates the ability of transition metal-transition metal bonded or ML 3 type or- 
ganometailic compounds to photoinitiate the cure of ethylenically-unsaturated compounds in the presence 
of iodonium salts. The tests were carried out in the following manner: Into a glass vial were weighed out 
0.05g of the desired organometallic compound and/or 0.1 Og diphenyliodonium hexafluorophosphate (3M 
Company, recrystallized from acetone/isopropanol). Then, the following operations were carried out under 
subdued light: 0.2g of gamma-butyrolactone, 5.0g methyl acrylate (Aldrich Chemical Company, distilled 
from hydroquinone), 5.0g of pentaerythritol tetraacrylate (SR-295, Sartomer Company) were added to 
prepare the coating solution. The solutions were coated onto 76 micrometers (3 mil) polyvinyiidene chloride 
subbed polyester (3M Company) using a #22 wire wound rod. The sample coatings were overlayed with a 
second sheet of polyester and exposed to two 15 watt Sylvania blacklight bulbs at a distance of 2 cm. The 
time required to produce a nontacky cured coating was recorded. Under the conditions of this test, the 
diphenyliodonium hexafluorophosphate alone requires greater than 15 min to cure. 



so 
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TABLE VII 



Curing of Ethylenically Unsaturated Monomers 


Organometalllc 
Compound 


Cure Time a 


No Onium 
Salt Added 


Onium Salt 
Added 


[CpFefCOkfc 

CpFe(CO) 2 SnPh 3 

CpFe(CO) 2 GePh 3 

[CpFe(CO) 2 ] 2 SnPh 2 

Mn 2 (CO)i 0 

(CO) s MnSnPh 3 

t(CO) 5 Mn] 2 SnPh 2 

Re 2 (CO), 0 

[CpMo(CO) 3 ]2 b 

CpMo(CO) 3 SnPh 3 


>600 
>600 
>600 
>600 
>600 

300 
60 

120 
>600 ; 
>600 


15 
120 
120 
60 

<15 

300 
30 

"60 
30 

240 



... -vvwi Jwllrf vv v^UID. 

b saturated solution, <o,oi g dissolved. 



EXAMPLE 13 (Comparative) 
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J3L rc^Ti^"** monomer (2s 9 ° f o**^ 

composition consisted of u g ° STSLSSS^^ "*?! ?° hera A curabte 

afluorophosphate or these same amounts o S ^ TTt ° f a ° 2g 0f ^"^onium hex- 
used were for UV exposure ^oTsfirf™ J? ^P 0 "^ added to either monomer. The light sources 
Carouse. Projector 7£%£Z 2 T^ m^^T!^ **■ "* th ° *■* a Kod " 
soiution gelation for the ac^e a d foTthe eooxv 1 ' ^ ? polymerization «" ^ected by 
ammonia/methanol solution Free radical svLm, 2^ Precip.tat.on of the polymer from a 2% 
ously during irradiatJon while the Sc^s^Tooe^ 1 ^ "l""** b * W a " d «"*«* 
was 2 to 3 m. in a f3 x « mm Pyre x ,es, ^^JZ?£ ZSXESUr* * 
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TABLE VIII 



10 



20 



Photoinitiated Cure Times of Epoxy and 
Acrylate Compositions 3 


Curing Agent 


Epoxy 


Acrylate 


[CpFe(CO) 2 ] 2 


>180/S 

90 b 


> 3O05 

<5 b 


[CpFe(CO) 2 ]2/iodonium° 


90 d 
>180 b 


<5 d 
>300 b 


Mn 2 (CO)to 


>180« 

>180 b 


>300t 

<10 b 


Mn 2 (CO)io/iodonium c 


>180 e 


<10 e 



a Cure times given in seconds. 

b Unfiitered projector as light source. 

c The diphenyiiodonium salt showed no indication of polymerization by 

itself under these same conditions. 

d 440 nm filter used with the projector. 

e Blacklite used as the light source, about 360 nm. 
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EXAMPLE 14 (Comparative) 



30 



35 



Examples of the photocuring of ethylenically unsaturated monomers using transition metal-transition 
metal bond containing organometallic compounds and iodonium salts are given here. 

Samples were prepared as 1.0 g methyl acrylate containing 0.01 g metal-metal bond containing 
complex and 0.015 g Ph 2 l * PF G ~ Up to 0.05 g butyrolactone or methylene chloride were used to dissolve 
the photocatalyst systems. Samples were bubbled with N 2 and irradiated using a Kodak Carousel slide 
projector, with a 360 nm cutoff filter, and the time required to cure the sample recorded in Table IX. 
Alternatively, compositions could be cured thermally. 



TABLE IX 



40 



45 



50 



Curing of Ethylenically-Unsaturated Monomers 


Compound 


Conditions 


Cure Time 


and 






PhafPFe" 






[CpFe(CO) 2 ] 2 


irrad. 


30 sec, slow dark reaction 


Mn 2 (CO)io 


irrad. 


30 sec, no dark reaction 


[CpMo(CO) 3 ] 2 


irrad. 


45 sec, no dark reaction 


[Re(CO) 5 ] 2 


irrad. 


8 min, no dark reaction 


Co4(CO)i 2 


irrad. 


Minutes, slow dark reaction 


Co2(CO) 8 


Dark 


Cures during deoxygenation 
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EXAMPLE 15 (Comparative) 



This example describes the curing of ethylenically unsaturated monomers with transition metal-carbon 
bonded organometallic compounds. Each sample was prepared by dissolving 10 mg catalyst and 20 mg 
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?dSf? niUni hex ^ oro P hos P ha te (« used) in 0.2 g gamma-butyrolactone. 2.0 g methyl acrylate 
SflTLlrr ,nh,b c° rS) W3S add9d in «" dark and nitr °9 en was bubb| ed through thTslJet? 2 



TABLE X 



Curing of Ethylenically Unsaturated Monomer 


Curing Agent 


Cure time, min 


CpPtMe 3 

CpPtMe3 + iodonium 
CpW(CO) 3 Me 
CpW(CO)sMe + iodonium 
[CpFe(CO) 2 ] 2 + iodonium 3 


15 (Hanovia) 
6 (Kodak) 
no cure 

3.5 

0.5 (dark cure) 



a included for purposes of comparison 
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EXAMPLE 16 (Comparative) 
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afhvLnLf P \ the USS °' t C P W ( C0 >3k t° cure polyurethane precursors epoxies or 

ethylen,caHy unsaturated monomers. Each sample contained 0.01 g [CpW(CO) 3 l 2 and oS o 
d.phenyhodon.um hexafluorophosphate (if used) in 0.25 g gamma-butyrolactone, was added 2 0 o 

30 tsrxzsrs: a Ji:rsr wa r en performed with a Kodak 

in fhi ! Iter ' W,th 3 urethane Pre^rsor stock solution (prepared as in Examole 4) 

^iaCIfun ° f ° n ' Um "* P3rtial CUri " 9 t0 Produce a clear Sufcn. Sr^in hotr 

.rradrabon tome Upon standrng ,n room light for 24 hours, an increase in viscosity occurred 

vir,™" cy f' oh9xeneoxide wa * used, and the curing agent consisted of [CpW(CO) 3 ] 2 and onium salt 
3S v.gorous, exothermrc curing occurred within 3 min of irradiation ' 
When methyl acrylate was used as monomer, no curing occurred in the absence of onium salt With 

«T e rmi e SamP ' e J 603 " 6 ViSC ° US Within 4 min and S0,id within 8 minXaaiaZ «me 
Alternatively, these compositions can be cured thermally. 



EXAMPLE 17 (Comparative) 



To demonstrate the utoHty of the curing agent for curing of polyurethane precursors epoxies and vinvl 
monomers for the case where the organometallic compound contains a singte bond between a SnsZ 
metal and a Group IVA element, the following samples were prepared. In a vL 0 01 o l™«tS 
? ° f diphenyliodonium hexafluorophosphate f u'sed as i oSed beiow T 0 25 g S 
gamma-butyrolactone were gently agitated until dissolution of the organometallic compound was complete 
2 0 g o polyurethane precursors or monomer was added in reduced light, the vial was capid Z Ihe 
„ sample irradiated in front of a Kodak Carousel projector fitted with a 360 nm cutoff Set Z a dTsSfce of n le 

ElfiZZr temPeratUre (ab ° Ut 25 ' C) - *** det3ilS and -perim a e™- ri:: 



55 



20 



EP 0 306 162 A2 



TABLE XI 

Cure Times: Photoinitiated Curing of Polyurethane Precursors 
Epoxies and Vinyl Monomers with Transition Metal- 
Group IVA Compounds 



10 



15 



20 



Catalyst System 
[CpFe(CO) 2 ] 2 d 



d 



25 



30 



[CpFe(CO) 2 l 2 / iodonium 
CpFe(CO) 2 (CH 2 Ph) 
CpFe ( CO ) 2 ( CH 2 Ph ) / iodonium 
CpFe(CO) 2 (COPh) 
CpFe ( CO ) 2 ( COPh ) /iodon ium 
CpFe(CO) 2 (SiPh 3 ) 
CpFe ( CO ) 2 ( S iPh 3 ) / iodon ium 
CpFe(CO) 2 (GePh 3 ) 
CpFe ( CO ) 2 ( GEPh 3 ) /iodon ium 
CpFe(CO) 2 (SnPh 3 ) 
CpFe ( CO ) 2 ( SnPh 3 ) /iodon ium 
CpFe(CO) 2 (PbPh 3 ) 
CpFe ( CO ) 2 ( PbPh 3 ) /iodonium 



PolyUrethane 

120 min (W) € 

60 min (W) 

40 min (V) 

40 min (V) 

120 min (V) e 

120 min (V) e 

45 min (V) h 

45 min (V) h 

36 min (V) h 

36 min (V) h 

36 min (S) h 

36 min (V) h 

45 min (S) h 

•33 min (W) 1 



Epoxy 
f 

30 sec 
f 

12 min 
f 

5 min 
f 

5 min 
f 

2.75 min 
f 

2 min 
f 

no cure 



Vinyl ^ 
no cure 
1.8 min 
no* cure 
23 min 
no cure 
48 hr g 
no cure 
48 hr g 
no cure 
no cure 
no cure 
no cure 
no cure 
no cure 
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45 



50 
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a. Polyurethane precursors are from a stock solution 
consisting of 23.1 g of Desmodur™ W and 32.6 g of 
Carbowax 400. Cure times are followed by an indication 
in parentheses of extent of cure, where V = viscous, 

W = very viscous, S = solid. 

b. Monomer is cyclohexene oxide, purified by distillation. 
Cure time is defined as the time necessary to observe 
formation of precipitate when one drop of sample is 
placed in 2 ml of methanol. 

c Monomer is methyl aery late, purified prior to use by 
distillation under reduced pressure. After monomer 
addition but before irradiation, samples were 
deoxygenated by bubbling a stream of nitrogen gas 
through the solution for 2 min, with care being taken 
to prevent any light from reaching the sample during 
deoxygenation. Cure is defined by an increase in 
solution viscosity or a sudden exotherm indicating 
rapid polymerization (also accompanied by a sudden 
increase in viscosity). 

d. Included for purposes of comparison to data in other 
Tables. 

e. 60 min irradiation with Carousel Projector, followed by 
60 minutes of irradiation in room (fluorescent) light. 

f. This particular combination was not tested. 

g. 30 minutes irradiation with Kodak projector, following 
by 30 minutes irradiation under a Hanovia Quartz 
Utility Lamp (6 inches from bulb), followed by sample 
storage/irradiation in room (fluorescent) light. 

h. Irradiation with Hanovia Quartz Utility Lamp (15 cm 
from bulb) in place of the Kodak Projector. 

EXAMPLE 18 

This example illustrates the dual curing of polyurethane precursors and ethylenicallv-unsaturated 
monomers using the curing agent [CpFe(CO) 2 k/Ph 2 r PF 6 - etnyien,cally unsaturated 

rnJ^nllil 25 , ? 'V™' W8r9 Prepar6d fr ° m Stock sollJtions of 208 P^s Desmodur™ W (4 4- 
0h ^ ,,S0Cyanate))l 2 " 92 PartS PO'vethyleneglycol (MW = 400). 5.0 parts methyl acryla.e 
(freshly d.st.lled). and 0.05 parts [C P Fe(CO) 2 ) 2 . To half of this stock solution was added 0 S^Jpff 
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PFe~. Mole ratios for iodonium salt/iron dimer = 2.1, NCO/OH = 1.0, weight % iron dimer = 0.5%, 
iodonium salt * 1.2%. Samples were Irradiated simultaneously using 366 nm BiakRay bulbs (15 watts) for 
10 min, then analyzed by 400 MHz ; H nuclear magnetic resonance spectroscopy. Conversions to polymer 
are listed in Table XII. Curing agents comprising other combinations of organometallic compounds and 
5 onium salts can be used in place of [CpFe(CO)2]2 and Pf^lPFs, respectively. 

TABLE XII 



75 



Dual Curing of Polyurethane Precursors and Ethylenicaily 
Unsaturated Monomers 


Onium 
Salt 


Conditions 


Conversion to polymer 






Acryiate 


Urethane 


Ph 2 l + 
Ph 2 r 
Ph 2 r 
None 
None 
None 


Dark 

Irradiation 

Irradiation, deoxygenated 
Dark 

Irradiation 

irradiation, deoxygenated 


79% 
76% 
0% 
24% 
trace 


4% 
56% 

8% 
11% 
75% 
10% 



EXAMPLE 19 



This example demonstrates simultaneous curing of ethylenicaily unsaturated monomers and epoxies. 
Gelation times will not show that both monomers have reacted at the same time. It is possible to use 
nuclear magnetic resonance spectroscopy to differentiate the two poiymers in the presence of each other. 
The experiment was carried out in the following manner: A 1/1, w/w, mixture of methyl acrylate/cyclohexene 
oxide was prepared. To a 10g sample of this mixture was added 0.01g of [CpFe(CO)2] 2 or Mn 2 (CO)io 
diphenyliodonium hexafluorophosphate (0.024g with the iron dimer, 0.03 g with the manganese dimer) or 
specified amounts of both compounds. In a small viai was placed 2 ml of the sample and it was purged for 
1 min before and continually during irradiation. The light source was two 15 watt G.E. blacklite bulbs. 
Irradiation time was 2 minutes. Immediately after completion of the photolysis, the NMR in CDCb was 
taken. The amount of polymerization was determined by the ratio of the peak intensity of the polymer to 
that of polymer plus monomer. The results of the study are shown in Table XIII. 

TABLE XIII 



45 



Percent Conversion to Polymer from NMR 


Study 3 




Curing Agent 


Epoxy 


Acryiate 


[CpFe(CO) 2 ] 2 


0 b 


18 


[CpFe(CO) 2 ]2/iodonium 


35 


60 


iodonium 


<5 


<10 


Mn 2 (CO)io 


<0.5 


<0.5 


Mn2(CO)io/iodonium 


37 


47 



a NMR f s taken on a 400 MHz instrument, 
b None detected in the NMR. 



55 

As can be seen from the NMR results, this system efficiently initiated both epoxy and free radical 
polymerization simultaneously. Curing agents comprising other combinations of organometallic compounds 
and onium salts can be used in place of [CpFe(CO) 2 ] 2 and Mn 2 (CO)io, and Ph 2 IPF 6 , respectively. 
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EXAMPLE 20 
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TABLE XIV 
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Simultaneous Photoinitlation of Free Radical and 
Epoxy Cure in a Crosslinkabfe System 


Compound 


Cure 


Time 3 




No Onium 


Onium Salt 




Salt Added 


Added 


[CpFe(CO) 2 ] 2 


>16 


1 


CpFe(CO) 2 SnPh 3 


>16 


10 


CpFe(CO) 2 GePh 3 


>15 


15 


[CpFe(CO) 2 ] 2 SnPh 2 


>15 


10 


Mn 2 (CO)i 0 


>15 


1.5 


(CO) s MnSnPh 3 


>15 


10 


[<CO) 5 Mn] 2 SnPh 2 


>10 


4 


Re 2 (CO)io 


>10 


5 


[CpMo(CO) 3 ] 2 b 


>15 


1.5 


CpMo(CO) 3 SnPh 3 


>15 


10 



... ......^o lu H.uuuue insoiuoie crossnnked system. 

Diphenyliodonium hexafluorophosphate alone under these conditions 
does not produce a crosslinked system after 15 minutes. 
b Only 0.0 1 g of this compound used. 
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Claims 

1. An energy polymerizable composition comprising 
a) at least one ethylenically-unsaturated monomer, 
(b) one of 

(1) polyurethane precursors, 

(2) at least one epoxy monomer, 

c) a curing agent comprising 

(1) an organometallic compound, and 

(2) an onium salt, and 
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d) optionally, a solvent. 

2. The composition according to claim 1 wherein said organometallic compound has the formula, 
L 1 L 2 L 3 M 

5 

wherein 

L 1 represents none, or 1 to 12 ligands contributing pi-electrons that can be the same or different ligand 
selected from substituted and unsubstituted acyclic and cyclic unsaturated compounds and groups and 
substituted and unsubstituted carbocyciic aromatic and heterocyclic aromatic compounds, each capable of 
to contributing 2 to 24 pi-electrons to the valence shell of M; 

L 2 represents none, or 1 to 24 ligands that can be the same or different contributing an even number of 
sigma-electrons selected from mono-, dh and tri-dentate ligands, each donating 2, 4, or 6 sigma-electrons 
to the valence shell of M; 

L 3 represents none, or 1 to 12 ligands that can be the same or different, each contributing no more than 
is one sigma-electron each to the valence shell of each M; 

Ligands L 1 , L 2 t and L 3 can be bridging or non-bridging ligands; 

M represents 1 to 4 of the same or different metal atoms selected from the elements of Periodic Groups 
IVB, VB, VIB, VI!B, and VMB; 

with the proviso that said organometallic compound contains at least one of a metal-metal sigma bond and 
20 L 3 ; and with the proviso that L\ L 2 , L 3 , and M are chosen so as to achieve a stable configuration. 

3, The composition according to claims 1 and 2 wherein said onium salt has the formula II 
AX II 

wherein A is an iodonlum, sulfonium, or diazonium cation, and 

X is an organic sulfonate counterion, or a halogenated meta! or metalloid counterion. 

25 4. The composition according to claims 1 to 4 wherein said ethylenically-unsaturated monomer is 
selected from the group consisting of acrylates, acrylamides and vinyl compounds. 

5. The composition according to claims 1 to 4 wherein said polyurethane precursors comprise a mixture 
of polyisocyanates and compounds bearing at least two isocyanate-reactive hydrogen atoms where the ratio 
of isocyanate groups to isocyanate-reactive hydrogen atoms is in the range 1:2 to 2:1. 

30 6. A process comprising the steps of: 

a) providing a polymerizable mixture according to claims 1 to 5, and 

b) allowing said mixture to polymerize or adding energy to said mixture to effect polymerization. 

7. A layered structure comprising a substrate having coated on one surface thereof the polymerizable 
composition according to claims 1 to 5. 
35 8. The layered structure according to claim 7 which is an imageable structure. 

9. A shaped article comprising the composition according to claims 1 to 5. 

10. The composition according to claims 1 to 5 and 7 to 9 which has been cured. 
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